Rheumatoid arthritis (RA) is characterized by local and systemic bone loss (1, 2) . Local bone erosions are the hallmark of bone damage in RA. These lesions are based on the activation of bone-resorbing osteoclasts by diseasespecific autoantibodies and proinflammatory cytokines (2) (3) (4) (5) . Bone erosions describe a break of the juxtaarticular cortical bone with associated resorption of the underlying trabecular bone. Several histologic studies have confirmed this break of cortical bone and the changes that can occur in the adjacent trabecular bone in patients with RA (6) (7) (8) (9) .
Bone erosions typically emerge at certain "hotspots" in the joint, which suggests that specific anatomic properties facilitate the development of these structural lesions at specific sites (10) . Indeed, erosions typically start at the socalled bare area of the joint, which comprises a region where bone is not covered by articular cartilage (11, 12) . This region spans between the distally located cartilage-covered region of the bone and the proximally located insertion site of the joint capsule. Hence, the bare area is localized intraarticularly, and therefore is exposed to all forms of pathologic processes happening inside the joint.
We considered the possibility that the microanatomic properties of bone in the bare area of the joint may explain the preferential development of erosions at this specific site. Although conventional radiography is the standard imaging technique to detect structural bone changes in the joints, it has limitations as a method of assessing bone microstructure. High-resolution peripheral quantitative computed tomography (HR-pQCT) provides an interesting alternative to study bone microstructure (13) (14) (15) (16) . The use of high resolution in this HR-pQCT technique allows investigators to assess bone microstructure not only in the distal radius and tibia but also in the joints, offering a possibility for more extensive study of the microanatomic properties of the bare area. Previous studies have used HR-pQCT to detect and quantify erosions, osteophytes, or even joint space width not only in healthy individuals but also in patients with RA and psoriatic arthritis (10, (17) (18) (19) (20) (21) (22) (23) . However, to date, no larger study has been conducted to assess the structural properties of the bare area of the joints in healthy individuals and RA patients.
In this study, we investigated the cortical bone of the bare area of the joints of healthy individuals in comparison to RA patients. We speculated that bone at the bare area may show signs of cortical micro-channels (CoMiCs), which mediate the communication between the synovial compartment and bone marrow space. We consequently developed a standardized technique that allows for the quantification of CoMiCs in the hand joints, and we compared the frequency of CoMiCs between healthy individuals and RA patients across different ages.
SUBJECTS AND METHODS
Cadavers. Six cadaveric hands were received from the Body Donation Program of the Institute of Anatomy of the Friedrich-Alexander University Erlangen-Nuernberg and Universit€ atsklinikum Erlangen. Validation of the detection of CoMiCs by clinical HR-pQCT was done in these same cadaveric samples with the use of preclinical micro-computed tomography (micro-CT) and by determination of the relationship of CoMiCs to penetration of trans-cortical blood vessels.
Healthy controls and RA patients. Healthy controls and RA patients were recruited from the Erlangen Imaging Cohort study, a study that prospectively assesses articular bone composition in healthy controls and patients with arthritis. All individuals in this cohort were recruited at the Department of Internal Medicine of the University of Erlangen-Nuremberg. Healthy controls were collected through a field campaign, and all healthy individuals identified had no joint pain, swelling, or any other sign of inflammatory disease, as well as no personal or family history of such disease. Clinical examination was performed by a skilled rheumatologist (JH, AJH, JR, or AK). Healthy controls had to be negative for anti-citrullinated protein antibodies (ACPAs) and rheumatoid factor.
Patients with RA had to fulfill the American College of Rheumatology/European League Against Rheumatism 2010 classification criteria for RA (24) . The study was conducted upon approval of the local ethics committee of the University of Erlangen and with the authorization of the National Radiation Safety Agency (Bundesamt f€ ur Strahlenschutz). Each patient provided informed consent.
HR-pQCT and micro-CT scanning in cadaveric hands. To validate the CoMiCs detected in HR-pQCT, we first scanned cadaveric human hands using an Xtreme-CT scanner (Scanco). After the initial HR-pQCT scan, the hands were dissected and subjected to a detailed macroscopic evaluation (results in Supplementary Figure 1 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art. 40148/abstract) to fit for a more detailed micro-CT scan ex vivo (mCT40, voxel size 10 mm; Scanco).
After the micro-CT image files were exported, they were transferred to an HR-pQCT workstation for further evaluation. Images from both scanning modalities were registered and transformed using 3-dimensional (3-D) rigid registration software (Image Processing Language V5.16/regisV1.07; Scanco) (25, 26) , which allows for accurate comparison of the obtained slices irrespective of turn angles and shifts. The 3-D rigid registration was applied to the gray-level images to get more accurate registration.
The registration was done in 3 steps. First, registration was performed at the coarsest level by stepwise rotation of 90 degrees along each spatial axis, to avoid false local minima. Second, more accurate registration was performed using a 10-fold lower-resolution image (obtained with HR-pQCT) and an 82-fold lower-resolution image (obtained with mCT40), followed by a full-resolution image (obtained with HR-pQCT) and an 8-fold downscaled image (obtained with mCT40). The transformation matrix was then applied to the gray-level HR-pQCT image and the segmented HR-pQCT image. Corresponding slices of the mCT40 image and transformed, segmented HR-pQCT image were determined by careful visual examination. Eleven corresponding pairs of transverse planes with a standardized distance of 820 mm (distance of 11 slices for HR-pQCT and 82 slices for mCT40) were generated (by DW and FS) from the bare area of each metacarpal head. Gray-level micro-CT slices with a 10-mm voxel size and corresponding HR-pQCT slices with an 82-mm voxel size were then assessed (by DW and DS) for the presence of CoMiCs.
Vessel visualization in cadaveric hands. To examine the nature of the CoMiCs, we additionally performed contrastenhanced HR-pQCT measurements of the cadaveric hands. For this procedure, radial and ulnar arteries were dissected and a contrast agent (Imeron 350 Iod/ml; Bracco Imaging) was injected through a bolus into the ulnar artery, followed by injection of a bolus into the radial artery and continuous perfusion (perfusion rate of 15-50 ml/minute).
HR-pQCT assessment of the bare area of the hand joints of healthy controls and RA patients. HR-pQCT scanning of the second metacarpal head was performed in each subject by trained operators using standard in vivo imaging parameters (voxel size 82 3 82 3 82 mm, effective energy 60 kV, current 900 mA, integration time 100 msec) in accordance with the recommendations from the SPECTRA collaboration (27) . Strict motion grading was applied with exclusion of images with a motion grade of more than 3/5. The complete metacarpal head was then contoured in the transverse plane. Semiautomatic contouring was performed under visual inspection of a trained operator (FS) to make minor adjustments in those cases of inaccurate periosteal surface delineation, followed by evaluation of the created "gobj" file. To ensure that only intraarticular surface changes were evaluated, a subregion of the metacarpal head with a dimension of 101 slices was chosen. Transverse slices were generated from this region using the "sub dim" feature of the manufacturers' 3-D viewer. In total, 11 transverse planes with a standardized distance of 10 slices (820 mm), comprising the area of the metacarpal head, were generated.
Assessment of CoMiCs in the hand joints of healthy controls and RA patients. CoMiCs were quantified in all slices by 2 independent blinded readers (DW and DS). CoMiCs were defined as channels ranging from the periosteal to the endosteal region in the bare area of the joint. The total numbers of CoMiCs per joint were counted, as well as the respective numbers in the dorsal, ulnar, palmar, and radial subregions. Furthermore, presence or absence of bone erosions in the respective subregions was recorded in a manner as previously described (10, 28) .
Statistical analysis. Data were analyzed using SPSS software for statistics (SPSS version 21.0; IBM). Categorical variables are presented as numbers and percentages, and continuous variables as the mean 6 SD. Assumptions of normal distributions were tested using quantile-quantile plots as well as KolmogorovSmirnov and Shapiro-Wilk tests. Differences in frequency distributions of categorical variables were assessed by chi-square test. After testing for normal distribution, the Mann-Whitney U test or the t-test for independent samples was applied, as appropriate.
The numbers of CoMiCs in the 3 subgroups stratified by RA disease duration and the 3 age subgroups were compared using the Kruskal-Wallis test, and if significant differences were found, the Mann-Whitney U test was used for pairwise group comparisons. Using a linear regression model with forced entry method, the number of CoMiCs (as the dependent variable) was assessed for correlation to age, sex, body mass index (BMI), smoking status, ACPA-positive RA, and the presence of erosions (as independent variables). The 95% confidence limits of the intraclass correlation coefficient (1,1) were calculated to determine the reproducibility of CoMiC readings between 2 independent blinded readers (DS and DW). P values of less than or equal to 0.05 were considered significant.
RESULTS
Validation of CoMiC detection in the cadaver study. We first performed HR-pQCT scans of the entire human cadaveric hands to exactly define the anatomic regions of the bare areas ( Figure 1A) . The cadaveric metacarpal head was sliced in a total of 11 transverse planes with a standardized distance of 10 slices (820 mm) comprising the bare area ( Figure 1B) . From the same area, additional micro-CT scans were obtained and segmented in order to exactly match the HR-pQCT scans. Analysis of HR-pQCT and equivalent micro-CT images showed that CoMiCs appearing in HR-pQCT could also be retrieved in the micro-CT, the latter of which uses a much higher resolution than that used for the HR-pQCT ( Figure 1C) .
We next investigated whether CoMiCs in the bare area resemble small trans-cortical vessels. Contrastenhanced HR-pQCT images of the cadaveric hands allowed detection of both intracortical and marrow vessels down to a diameter of 0.15 mm. In addition, vascular trees around the wrist and the metacarpophalangeal joints could be visualized after 3-D segmentation (Figures 2A and B) . However, no contrast enhancement was observed in bare areas, where CoMiCs are localized.
Increased number of CoMiCs in RA patients compared to healthy controls. We then aimed to visualize and quantify CoMiCs in humans in vivo. We therefore analyzed the bare areas of the hand joints of 105 healthy individuals and 107 RA patients by HR-pQCT. The demographic and disease-specific characteristics of these individuals are outlined in Table 1 . Distributions of age and sex were comparable between the 2 groups. CoMiCs were detected in RA patients as well as in healthy controls. RA patients showed significantly more CoMiCs compared to healthy controls (mean 6 SD 112.9 6 54.7/joint versus 75.2 6 41.9/ joint; P , 0.001) (Figures 3A and B) .
We then assessed localization of the CoMiCs. We found that CoMiCs were more abundant in RA patients compared to healthy controls in all subregions of the metacarpal head, including the dorsal compartment (mean 6 SD 14.7 6 10.7 in controls versus 22.1 6 13.8 in RA patients; P , 0.001), ulnar compartment (17.4 6 11.4 in controls versus 26.0 6 14.6 in RA patients; P , 0.001), palmar compartment (27.8 6 18.1 in controls versus 32.8 6 16.9 in RA patients; P , 0.017), and radial compartment (15.4 6 9.52 in controls versus 32.02 6 23.66 in RA patients; P , 0.001) ( Figure 3C ). Interreader correlation coefficients for the number of CoMiCs was high, and ranged from 0.981 to 0.997.
Anatomic distribution of CoMiCs in healthy controls and RA patients. In healthy controls, most CoMiCs were found at the palmar site (36.9% of all breaks), while the remaining ones were located at the dorsal site (19.6%), ulnar site (23.1%), and radial site (20.4%). In comparison to healthy controls, RA patients showed a shift toward radial involvement (28.3%), where CoMiCs were as frequent as in the palmar site ( Figure 3C ). The dorsal and ulnar sites were less frequently affected by CoMiCs (19.5% in the dorsal site and 23.1% in the ulnar site).
CoMiCs and disease duration. To examine whether RA patients with long-lasting disease show more CoMiCs than in patients with early RA, 3 subgroups based on disease duration (RA for ,1 year, 1-2 years, and .2 years) were investigated. The mean 6 SD number of CoMiCs per joint in RA patients with a disease duration of ,1 year was 102.5 6 44.8, and this increased to 109.5 6 55.5 in those with disease of 1-2 years and to 118.01 6 57.3 in those with .2 years of disease. Even more importantly, a significant increase in the number of CoMiCs was observed already in the early stages of RA. Hence, RA patients with a disease duration of ,1 year had significantly more CoMiCs as compared to healthy controls older than age 65 years (mean 6 SD 75.23 6 41.92/joint; P 5 0.015).
Comparison of CoMiCs in different age subgroups of RA patients and healthy controls. To assess whether the number of CoMiCs depends on age, we separately analyzed 3 age subgroups (age ,50 years, 50-65 years, and .65 years). The number of CoMiCs increased with age both in RA patients and in healthy controls (Table 2) . In healthy controls, the mean 6 SD number of CoMiCs in subjects older than age 65 years was significantly higher than that in subjects younger than age 50 years (99.7 6 51.1/joint versus 67.1 6 35.9/joint; P 5 0.001) (Figure 3D) . In RA patients, the number of CoMiCs was significantly increased in those ages 50-65 years (mean 6 SD 124.3 6 58.1/joint) and in those ages .65 years (126.0 6 45.4/joint) (both P 5 0.008 versus the younger age groups). The number of CoMiCs in young RA patients (those ages 20-49 years) (mean 6 SD 95.3 6 50.9/joint) was as high as that in healthy older individuals (for visualization, see Figure 4 ). Relationship between CoMiCs and bone erosions. Erosions were detected in 46.7% of the RA patients but in only 9.5% of the healthy controls. In RA patients, there were 118 erosions, predominantly (65.3%) affecting the radial compartment. In healthy controls, no difference regarding the number of CoMiCs was found between those with and those without erosions. In contrast, in RA patients, those with erosions showed a significantly higher number of CoMiCs compared to those without erosions (mean 6 SD 135 6 62.2/joint versus 92.9 6 37.4/joint; P , 0.001). These differences between RA patients with erosions and those without erosions were more pronounced in the dorsal and radial sites of the metacarpal head. Moreover, the number of CoMiCs inversely correlated with trabecular bone mass in the metacarpal heads (r 5 20.524, P , 0.001). This observation supports the concept that CoMiCs link inflammation in the synovial compartment with bone loss in the subchondral bone marrow.
Relationship of CoMiC numbers to clinical characteristics. According to the results of the linear regression model, the total number of CoMiCs was higher with older age (P , 0.001) and also higher in the presence of bone erosions (P 5 0.008). We could not find any correlation between the total number of CoMiCs and sex, BMI, or smoking status. Moreover, although only ACPApositive RA patients were analyzed in this study, the actual ACPA titer did not correlate with the number of CoMiCs (r 5 20.024, P 5 0.809).
DISCUSSION
In this report, we describe a new structural feature of the bare area of the human joint, which we have termed CoMiCs. These structures connect the synovial space with the bone marrow. Although CoMiCs are a structural part of the normal joint, their numbers increase with age and, particularly, with RA. CoMiCs are small structures that cannot be visualized by standard imaging techniques. Even at the level of HR-pQCT (with a resolution of ,200 mm), CoMiCs are close to the lower detection limit. We therefore successfully confirmed the existence of CoMiCs in a cadaver study by the use of micro-CT scanning, which had a resolution of 20 mm.
A structural analysis of the bare area in normal and diseased joints has not been undertaken to date. Cortical "porosity" has been assessed in long bones such as the radius and the ulna (29) . Stach et al first described cortical surface changes in the finger joints, but they could not prove that these changes correspond to true micro-channels in the bare area (10). Scharmga et al also reported the presence of cortical breaks in the finger joints, defined as discontinuity in more than 2 HR-pQCT slices or more than 9 micro-CT slices (30) . Based on this approach, only larger breaks were characterized, and analysis of gray-level images limited the inter-and intrareader reliability due to dependency on the contrast brightness settings.
To allow detection and reliable quantification of CoMiCs in the bare area, we developed an entirely novel approach. We used segmented images based on adaptive thresholding, which has been established for standard bone evaluation in HR-pQCT images (13) . An advantage of this method is its reliability: interreader reliability was very good (ranging from 0.979 to 0.997). The method is also fast and easy to use, allowing its application in larger cohorts such as the one described herein. Furthermore, we strictly focused our analysis to the bare area, which is notoriously prone to structural changes. This wave-like area of periarticular cortical bone spanning between the cartilage and the capsule is directly exposed to intraarticular processes and not protected by cartilage. By going deeper into this area by downsizing to 1 slice with the highest resolution for in vivo scanning, we were able to not only visualize CoMiCs but also accurately quantify their number.
CoMiCs are not pathologic per se. They appear to be a specific anatomic property of the bare area, tunneling the cortical bone and linking the synovial and bone marrow compartments. It has long been known that canals are present in the cortical bone. Havers described "cortical pores" in 1691 (31) , which were later identified by Todd and Bowmann as a canalicular system, termed "Haversian canals" (32) . The original Haversian canals, with an average size of ;40 microns, are likely too small to be visible in HRpQCT but may undergo widening during inflammation. Since 1757, it has been known that these canals can contain blood vessels (33) . These observations were confirmed in modern times in histologic joint sections from mice with inflammatory arthritis and osteoarthritis (7, 34) as well as in sections of human mandibular bone (35) . Whether CoMiCs actually resemble blood vessels remains unclear. We used contrast-enhanced HR-pQCT to reconstruct the vascular tree up to very small intraarticular, and even intramedullar, vessels. However, all of these vessels were more proximally localized and did not reach the distally located bare area. Nonetheless, the possibility cannot be excluded that very small vessels that have escaped detection in contrastenhanced HR-pQCT may still use the CoMiCs for penetrating cortical bone (36) .
In this study, the number of CoMiCs was significantly increased in RA patients. Indeed, even young RA patients exhibited CoMiC numbers that were equal to those found in older healthy controls. Several points of evidence suggest that an increased frequency of CoMiCs is a bioindicator for arthritis. First, increases in the number of CoMiCs occurred very early in the disease course of RA. This finding extends previous observations that patients considered at risk of developing RA show cortical bone changes already at the onset of disease (37) . Second, the distribution of CoMiCs shifted toward more pronounced involvement of the radial regions, where most structural pathologic processes are found in RA (10) . Third, RA patients with bone erosions showed a higher burden of CoMiCs as compared to those without erosions, suggesting that CoMiCs are associated with bone erosions and potentially represent their precursors.
Pathophysiologically, CoMiCs represent an initial direct connection between the synovial compartment and the bone marrow space, thereby allowing communication of the inflammatory microenvironment between the outer synovial and inner bone marrow space (38) . CoMiCs may result from a widening of the physiologic network of Haversian and Volkmann canals, which span through the cortical bone. Widening of this canal system by osteoclastmediated bone resorption either in response to age or prematurely through the emergence of autoantibodies or inflammation in RA may render these channels detectable for HR-pQCT imaging.
One limitation of this study is the fact that small movement artifacts still cannot be completely excluded. Although we were very strict with our motion grading, small movement artifacts could escape detection and may influence the measurement at very thin areas of cortical bone, such as the palmar site. However, based on the findings from our cadaver study and the consistency of the results from our human study (involving .200 individuals), we consider our detection of CoMiCs by HR-pQCT to be robust.
In summary, CoMiCs represent a new structural property immanent to the bare area of the joints. Our data suggest that CoMiCs, which are localized inside the joint, appear to be indicators of articular stress. While CoMiCs accumulate with age in healthy individuals, they are massively altered in their numbers and distribution in RA patients. Increases in the number of CoMiCs occur very early in the disease course of RA, and such changes are associated with the development of bone erosions. Thus, CoMiCs may represent the first structural alteration of the joint in patients with RA.
